We define a CP sensitive asymmetry in the sfermion decaysf → fχ 0 j ℓl , fχ 0 j qq, based on triple product correlations between the momenta of the outgoing fermions. We study this asymmetry in the MSSM with complex parameters. We show that the asymmetry is sensitive to the phases of the parameters µ and M 1 . The leading contribution stems from the decay chainf → fχ 0 j → fχ 0 1 Z → fχ 0 1 ℓl (fχ 0 1 qq), for which we obtain analytic formulae for the amplitude squared. The asymmetry can go up to 3% forf → fχ 0 1 ℓl, and up to 20% forf → fχ 0 1 qq. We also estimate the rates necessary to measure the asymmetry.
Introduction
In the standard model (SM) the source of CP violation is given by the phase in the Kobayashi-Maskawa matrix [1] . However, it has been argued that this source is not enough to explain the observed baryon asymmetry of the universe (see for example [2] ) and new sources of CP violation have to be introduced. In the minimal supersymmetric extension of the SM (MSSM), several supersymmetric (SUSY) breaking parameters and the higgsino mass parameter can be complex.
The phases of the SUSY parameters are restricted by the experimental upper limits on the electric dipole moments (EDMs) [3] of electron, neutron and the 199 Hg and 205 Tl atoms. The limiting bounds are |d e | < 4.3 × 10 −27 ecm [4] , |d n | < 6.3 × 10 −26 ecm [5] , |d Hg | < 2.1 × 10 −28 ecm [6] and |d T l | < 1.3 × 10 −24 ecm [7] , respectively. The general consensus is that one of the following three conditions has to be realized: i) The phases are severely suppressed [8, 9] , ii) supersymmetric particles of the first two generations are rather heavy, with masses of the order of a TeV [10] , iii) there are strong cancellations between the different SUSY contributions to the EDMs [11] . At one-loop level, for the electron EDM these are the neutralino and chargino contributions, and for the neutron EDM in addition also the gluino exchange contributes. While the phase of µ is restricted, |ϕ µ | < ∼ π/10, there is no such restriction on the phase of M 1 [12] .
In order to clarify the situation an unambiguous determination of the SUSY phases is necessary. In particular, for determining also the sign of the phases, measurements of CP sensitive observables are necessary. The SUSY phases give rise to CP-odd (T-odd) observables already at tree level [13, 14, 15, 16] . An important class of such observables involves triple product correlations [17, 18] . They allow us to define various CP asymmetries which are sensitive to the different CP phases. These observables could be measured at future linear collider experiments [19] and would allow us to independently determine the values of the phases.
In this paper we consider a T-odd correlation in the decays
with ℓ = e, µ, τ , and q denotes a quark. The T-odd correlation for the leptonic decay is defined as O
and that for the hadronic decay as
where p denotes the three-momentum of the corresponding fermion. We define the corresponding T-odd asymmetries as
where M ℓ,q is the matrix element for the decay (1) . For the measurement of A ℓ T or A q T it is necessary to be able to distinguish between the charges of ℓ + and ℓ − or q andq. In the case ℓ = e, µ, τ this should be possible experimentally on an event by event basis at an e + e − linear collider [19] . A q T may be measureable in the case of q = c, b, where flavour reconstruction is possible [20] . However, this will only be possible statistically for a given event sample.
The leading contribution to the triple products (2) and (3) originates from the decay chainf → fχ
which is shown schematically in Fig. 1 . Essentially, the triple products (2) and ( may also contribute to A ℓ,q T , however, they arise only at one-loop level. We expect that such contributions are smaller than 10%, because only weak corrections to the absorptive part of theχ 0 j -Z-χ 0 1 vertex have to be included. In the similar case of the decayχ
1 , corrections smaller than 10% have been obtained [21] . Corrections of this order of magnitude have also been found in [22] , where next-to-leading order effects on polarization observables within the SM have been studied.
As will be shown, the tree-level contribution to the triple product correlations (2) and (3) (25)- (35)). O ℓ,q odd is not sensitive to the trilinear scalar coupling parameter A f of the sfermionf . The reason is that the first decay in the chain (5),f → f χ 0 j , is a two body decay of a scalar particle. In order to be sensitive to the phase of A f one would have to construct instead of (2), (3) a triple product correlation involving the transverse polarization of the fermion f . In principle this could be possible for f = τ, t [23] , but this case will not be considered here (for a similar case see [15] ). The T-odd correlation (2) was proposed in [16] and the size of the asymmetry was calculated for the decayμ → µχ 0 2 → χ 0 1 µ ℓ + ℓ − , however, for a specific final state configuration only. In the present paper we extend the work of [16] by calculating the asymmetries (4) in the whole phase space.
In Section 2 we give the definitions and the matrix element of the decay we are interested in. In Section 3 we perform the calculation of the T-odd asymmetry. In Section 4 we present our numerical results. Section 5 contains a short summary and conclusion.
Definitions and Formalism

Lagrangian and Couplings
The parts of the interaction Lagrangian of the MSSM relevant for decay (5) are (in our notation and conventions we follow closely [24, 25] )
where
with
and
Here, [24] .
The masses and couplings of thef k follow from the hermitian sfermion mass matrix which in the basis (f L ,f R ) reads
The remaining parts of the interaction Lagrangian of the MSSM relevant for the decay (5) are
respectively, where
Note that our definition of O
′′L,R ij
(L f , R f ) differs from that given in [24] by a factor g/2 cos Θ W (g/ cos Θ W ).
Spin-Density Matrix Formalism
For the calculation of the amplitude squared of the subsequent two-body decays (5) of the sfermion, we use the spin-density matrix formalism [26, 27] . The amplitude squared is given by
with the propagators ∆(χ · p χ j = 0, the density matrices can be expanded in terms of the Pauli matrices:
The polarization vectors ε
The expansion coefficients of the density matrices (26)- (28) are
with ε 0123 = 1 and m χ 1 the mass of the lightest supersymmetric particle (LSP). The masses of the fermions f = e, µ, τ, c, b are set to zero. In Eqs. (29) and (30) f ′ denotes the fermion steming from the first decay in Eq. (5) . Inserting the density matrices (26)- (28) in Eq. (25) , the amplitude squared is given by:
T-odd Asymmetry
In the following we present in some detail the calculation of the T-odd asymmetry in Eq. (4) for the slepton decaysl → ℓχ
The replacements which must be made for the asymmetry in the case ofq decays are obvious.
In the rest frame ofl, the coordinate system is defined such that the momentum four-vectors are given by
)/2m Z is the neutralino momentum if the Z boson is produced at rest. The Z decay angle θ 1 is constrained in that case and the maximal angle θ 
If |p 0 χ j | > |p χ j |, the decay angle θ 1 is not constrained and there is only the physical solution |p
The spin basis vectors ofχ 0 j in thel rest frame are chosen by 
where dΩ i = sin θ i dθ i dφ i .
The partiall decay width for the decay chain (5) is given by
We use the narrow width approximation for the propagators ∆(χ 0 j ) and ∆(Z) :
The approximation for the neutralino propagator is justified for (
2 ≪ 1, which holds in our case with Γ χ j < ∼ O(GeV).
From Eqs. (4) and (35) we obtain for the asymmetry
where in the derivation of this expression we have used |∆(χ 
In the rest frame ofl, (p ℓ · s a χ j ) = 0 for a = 1, 2, hence, Σ (33), contributes to the spin correlation terms in the total amplitude squared. Using the explicit representation of the fermion momentum vector, Eq. (36), and the neutralino spin vector, Eq. (40), the term with the ε-tensor in (47) can be written as
wherep ℓ = p ℓ /|p ℓ |. Since 0 ≤ θ 1 , θ 2 ≤ π the sign of the correlation p ℓ · (p f × pf ) is given by the sign of sin φ 2 . Thus O odd > 0 corresponds to an integration π 0 dφ 2 , while O odd < 0 corresponds to an integration 2π π dφ 2 . We therefore integrate in Eq. (45) over the entire phase space except over the angle φ 2 . The T-odd asymmetry can then be written as
The dependence of
is given by
which follows from Eqs. (46) and (47). Due to the first factor
|al kj | 2 +|bl kj | 2 , the asymmetry A f T will be strongly suppressed for the case |al kj | ≈ |bl kj | and maximally enhanced in the case of vanishing mixing in the slepton sector
Note that the r.h.s of (47) and therefore the asymmetry in Eq. (4) vanish for m χ 1 → 0, which is related to the fact that it is possible to redefine the Weyl spinor χ 1 → e iα χ 1 in this limit.
Numerical Results
We present numerical results for the T-odd asymmetry A (4) could in principle also be studied inχ 0 j three-body decays if the two-body decays are kinematically forbidden [13] , which will be treated elsewhere [28] .
The relevant MSSM parameters are |µ|, ϕ µ , |M 1 |, ϕ M 1 , M 2 , tan β, |A τ |, ϕ Aτ , mτ 1 , mτ 2 and the Higgs mass parameter m A . For all scenarios we keep tan β = 10, |A τ | = 1000 GeV, ϕ Aτ = 0, mτ 1 = 300 GeV, mτ 2 = 800 GeV and use the GUT relation |M 1 | = 5/3 tan 2 Θ W M 2 in order to reduce the number of free parameters. We have checked that our results do not depend sensitively on this choice. We choose m A = 800 GeV to rule out decays of the neutralino into charginos and the charged Higgs bosonsχ is the lightest neutral Higgs boson, which in general is not a CP eigenstate [29, 30, 31] . The decayτ 1 → τ ℓl, ℓ = e, µ is kinematically forbidden due to our assumption thatτ 1 is the lightest sfermion. Other decay chains leading to the same final state are less important and will be neglected. (14) and (15)). MẼ > ML is suggested in some scenarios with non-universal scalar mass parameters at the GUT scale [32] . Furthermore, in Eqs. (14) and (15) one could have Mτ LL < Mτ RR in extended models with additional D-terms [33] . In a large region of the parameter space we have BR(χ In Fig. 3 we show the ϕ M 1 and ϕ µ dependence of BR(τ 1 → τ χ 0 1 ℓl) and of A ℓ T in the full range of the phases for |µ| = 300 GeV and M 2 = 280 GeV. We display in Table  1 the 
Decay chain viaχ
For comparison we consider a further example with smaller CP violating phases ϕ µ = 0 and ϕ M 1 = −0.3π (denoted by ⊗ in Fig. 3) . Also in this case we obtain almost the same results for ((A for mτ 1 = 300 GeV. It is clear that detailed Monte Carlo studies taking into account background and detector simulations are necessary to get a more precise prediction of the expected accuracy. However, this is beyond the scope of the present paper. For a Monte Carlo study on a T-odd observable in neutralino production and decay see [34] . (4) in the ϕ M 1 -ϕ µ plane for |µ| = 150 GeV and M 2 = 450 GeV, taking tan β = 10, A τ = 1000 GeV, mτ 1 = 300 GeV, mτ 2 = 800 GeV for MẼ < ML.
Summary and Conclusion
We have considered a T-odd correlation and the corresponding asymmetry in the sequential decayf → f 
